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Abstract: Lipids help to maintain the integrity of cells, which is the reason for their association with 
cancer. We hypothesized that the difference in lipid content of ovarian cancer cells sensitive- and 
resistant to cisplatin might be a useful indirect measure of a variety of functions coupled to ovarian 
cancer progression. To evaluate the effect of a melittin, a cytotoxic peptide from bee venom with 
known effects on cell membranes, on the lipid composition of ovarian cancer cell lines A2780 
(cisplatin-sensitive) and A2780CR (cisplatin-resistant) a liquid chromatography-mass spectrometry 
coupled to an Orbitrap Exactive mass spectrometer using an ACE silica gel column was employed. 
The A2780 and A2780CR cells were treated with 6.8 and 4.5 ug/mL of melittin, respectively. Data 
extraction with MZmine 2.10 and database searching were applied to provide metabolite lists. PCA 
and OPLS-DA models were used to assess the different profiles of the lipid composition obtained 
from the two cell lines. Both models gave clear separation between the treated and untreated 
samples. In our study, phosphatidylcholine (PC) was the most abundant lipid class in both cell lines, 
followed by phosphatidylethanolamine (PE), and sphingomyelin. We found a higher level of lipids in 
ovarian cancer cells sensitive to cisplatin as compared to the resistant cells. Differences in the levels 
of LysoPC 16:0 and 18:0 were non-significant between cell lines. The changes induced by melittin in 
both cell lines led mostly to decrease the level of PC and PE lipids. However, the LysoPC level was 
increased in both cell lines after melittin treatment. The results of the present study show that lipids 
were significantly altered in both A2780 and A2780CR cells. The observed effect was much more 
marked in the cisplatin-sensitive cells, suggesting that the sensitive cells undergo much more 
extensive membrane re-modelling in response to melittin in comparison with the resistant cells. 
Keywords: Lipidomic, Melittin, Ovarian cancer, A2780 cells, A2780CR cells, LC-MS. 


Introduction 

Lipidomics is the science of profiling lipids and forms a subset of metabolomics; it combines 
technological tools, and especially mass spectrometry, with the principles of analytical chemistry to 
map on a large scale the lipid composition of a metabolome!”. The contribution made by lipids in 
cancer pathogenesis is substantial and they have central roles to play in the invasion, migration, and 


proliferation of cancers’. 


Lipidomics has been studied increasingly in recent years, with particular emphasis on finding lipid 
indicators of use in diagnosis‘, for targeting drugs’, and as pharmacological mechanisms®. Mass 
spectrometry has achieved value for assessing changes in lipid metabolism signalling processes 
mediated by lipids resulting from disease, exposure to toxic substances, gene modification, and drug 
therapy’. 
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A number of mass spectrometry routines are now recognised as a way to elucidate lipid structure®”. 
In the matter of identifying lipid side chains, the fragmentations providing maximum information 
come from negative electrospray ionisation (ESI) mode, which generates negative ion fragments 
thanks to the lipid’s fatty acid substituents. In a positive ion mode, phosphocholine (PC) lipid 
information generated is limited because, due to the phosphatidylcholine head group, the foremost 
fragmentation mode gives an ion at m/z 184°. 


Lipids have three major roles in cells: they may be structural molecules used to make up membranes, 
they can provide an important stores of chemical energy, and they play important roles in cell 
signalling. However, lipids are classified according to the International Lipid Classification and 
Nomenclature Committee into eight classes, that is, fatty acyls, glycerolipids, glycerophospholipids, 
sphingolipids, sterol lipids, prenol lipids, saccharolipids, and polyketides!”. Among the lipids, the 
phospholipids are possibly one of the most commonly reported in relationship to cancer. During the 
past few years, elevations in phosphocholine metabolites have been detected in most of the cancers 
studied'!. 


A number of lipid metabolic pathways have been linked to ovarian cancer, particularly those 
including phospholipids, and fatty acid biosynthesis''. One previous study employed mass 
spectrometry to explore the potential of lysophospholipids, such as lysophosphatidic acid, 
lysophosphatidylinositol, and lysophosphatidylcholine, as biomarkers for ovarian cancer detection in 
women with ovarian cancer and healthy controls!*. Previous studies on ovarian cancer cells have 
shown that the ovaries are abundant in glycerophospholipids which are a potential signature of 
ovarian cancer!*!, 


Xu et al. reported that lysophosphatidic acid, which is one of the glycerophospholipids with one fatty 
acid chain and a phosphate group, as a potential biomarker for ovarian and other gynaecological 
cancers!®. A previous study showed that lysophosphatidic acid, lysophosphatidylserine and 
sphingosylphosphorylcholine all induce transient increases in cytosolic free calcium [Ca**] in both 
ovarian and breast cancer cell lines'’. There is a strong relationship between the calcium and lipid 
metabolism and cell death. Intracellular calcium homeostasis is extremely important for healthy 
cells, and the alteration in intracellular calcium homeostasis will lead to cell damage or death!*!”. 


Melittin is a major toxin component of honey bee venom that has been reported to exhibit a variety 
of anticancer applications*®. The amphipathic property of melittin makes it pass through the 
phospholipid bilayers of cell membrane and it acts as a surfactant. The interaction between melittin 
and cell membranes leads to a disruption of the acyl groups of the phospholipids, increased 
susceptibility to action by phospholipase on the phospholipid, and higher rates of prostaglandin 
synthesis from arachidonic acid liberated from phospholipid breakdown”!. 


Another study showed that FK866 treatment resulted in a significant dose-dependent increase in the 
glycerophosphocholine levels in A2780 cells”. Alteration in glycerophospholipids may be connected 
with their roles in membrane integrity and mitogenic signal transduction’. Moreover, recent studies 
on metabolic alterations in cancer cells directed into apoptosis reported increased levels of mobile 
lipids™*>, 


Despite a lipidomic approach having acknowledged value in differentiating between classes and 
molecular species of phospholipid (PL)*°, most studies focus on only one or a limited number of PL 
classes and rarely on identifying those lipid molecular species which cancer changes and which 
could also identify changed metabolic pathways and potential biomarkers. Alonezi et al. reported 
metabolomic studies based on ovarian cancer cells metabolic profiling related to the effect of melittin 
on the A2780 and A2780CR?’’. Therefore, the goal of the current study was to extend the 
metabolomics analysis to lipidomic analysis of ovarian cancer cell lines. With this approach, changes 
in membrane lipid composition in ovarian cancer cells were identified. The profiling of lipids was 
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performed by LC-MS using a high performance liquid chromatography (HPLC) system coupled to 
an Orbitrap Exactive mass spectrometer using an ACE silica gel column. 


The selective MS? fragmentation of some lipids was carried out by using a HPLC system combined 
with a LTQ-Orbitrap mass spectrometer. The resulting data were extracted by MZMine and 
subsequently analysed by univariate and multivariate approaches with SIMCA-P. 


Materials and Methods 

Cell Lines and Cultures 

The cisplatin-sensitive (A2780) and resistant (A2780CR) human ovarian carcinoma cells were 
obtained from ECACC (Porton Down, Salisbury, UK) and maintained at 75x10* cells/mL in RPMI 
1640 medium (Lonza, Verviers, Belgium) supplemented with 1% (v/v) L-glutamine (Invitrogen, 
Paisley, UK), 100 IU/mL/100ug/mL penicillin/streptomycin (Invitrogen, Paisley, UK), and 10% 
(v/v) foetal bovine serum (FBS) (Life Technologies, Carlsbad, CA). 


In addition, the cultures for the A2780CR cells contained lum cisplatinum (Tocris Bioscience, 
Bristol, UK) in the first three passages. Sub-confluent cultures were split by trypsinisation every 4-5 
days and maintained at 37°C in a humidified atmosphere saturated with 5% CO. 


Cell Viability Assay against Melittin 

Melittin was purified from bee venom (supplied by Beesen Co. Ltd, Dae Jeon, Korea) by reversed 
phase liquid chromatography”® and reconstituted in sterile water to form a stock solution of 1 mg/mL 
before storage at -20°C until required for analysis. Cell viability was assessed by an Alamar Blue 
(AB) cell viability reagent (Thermo Fisher Scientific, Loughborough, UK) [27]. Both A2780 and 
A2780CR cells were seeded at 1x10* cells/well in 96-well plates (Corning, Sigma-Aldrich) and 
incubated at 37°C and 5% CO: in a humidified atmosphere for 24 h. After this incubation period, the 
cells were treated with various concentrations of melittin ranging from 0.5 to 14 ug/mL in 100 uL of 
medium, and re-incubated at 37°C and 5% CO> for a further 24 h. 


Triton X at 1% (v/v) and cell culture media were used as positive and negative controls, respectively. 
After this, AB was added at a final concentration of 10% (v/v) and the resultant mixture was 
incubated for a further 4 h at 37°C and 5% CO. Then, the plates were read at an excitation 
wavelength of 560 nm and the emission at 590 nm was recorded on a SpectraMax M3 microplate 
reader (Molecular Devices, Sunnyvale, CA). Background-corrected fluorescence readings were 
converted to cell viability data for each test well by expressing them as percentages relative to the 
mean negative control value. 


Determination of ICs 

GraphPad Prism for Windows (version 5.00, GraphPad Software, San Diego, California, USA) was 
employed to produce dose-response curves by performing nonlinear regression analysis of the cell 
viability data. The mean inhibitory concentration (ICs0) values were calculated from at least three 
measurements of independent experiments (n=3). 


Determination of Effect of Melittin on Cell Lipids Metabolism 

The A2780 and A2780CR cell lines were separately treated with melittin at concentrations of 6.8 and 
4.5 g/mL respectively for 24 h (n=4). The cells were seeded at 75x10* cells/mL in T-25 cell culture 
flasks and incubated for 1 doubling time (48 h) before treatment with the melittin and incubation for 
an additional 24 h. After the treatment, the medium was removed and the cells were washed twice 
with 3 mL of phosphate-buffered saline (PBS) at 37°C before lysis. 


Lipids were extracted with isopropanol (4°C) (1 mL per 2x10° cells). The cells were scraped and cell 
lysates mixed on a Thermo mixer at 1440 rotations per minute (rpm) for 12 min at 4°C, before being 
centrifuged at 13500 rpm for 15 min at 0°C. The supernatants were collected and transferred into 
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HPLC vials for LC-MS analysis. During the analysis, the temperature of the autosampler was 
maintained at 4°C. The pooled quality control (QC) sample were injected in each analysis run in 
order to facilitate identification and to evaluate the stability and reproducibility of the analytical 
method, respectively. The pooled QC sample was obtained by taking equal aliquots from all the 
samples and placing them into the same HPLC vial. 


Chromatographic Conditions For Column 

An ACE silica gel column (150 x 4.6 mm, 3m, Hichrom Reading UK) was used to study the effects 
of melittin on cisplatin resistant and cisplatin sensitive ovarian cancer cell lipids metabolism. The 
mobile phase for ACE silica gel column consisted of (A) 20% isopropyl alcohol (IPA) in acetonitrile 
(ACN) (v/v) and (B) 20% IPA in 0.02M ammonium formate (v/v). The flow rate was 0.3 mL/min 
and gradient was as follows: 0-1 min 8% B, 5 min 9% B, 10 min 20% B, 16 min 25% B, 23 min 
35% B, 26-40 min 8% B as described previously”’. 


Liquid Chromatography—Mass Spectrometry (LC-MS) Conditions 

Liquid chromatographic separation was carried out on an Accela HPLC system interfaced to an 
Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). The nitrogen 
sheath and auxiliary gas flow rates were maintained at 50 and 17 mL/min. The electrospray 
ionisation (ESI) interface was operated in a positive/negative dual polarity mode. The spray voltage 
was 4.5 kV for positive mode and 4.0 kV for negative mode, while the ion transfer capillary 
temperature was 275°C. Full scan data was obtained in the mass-to-charge ratio (m/z) range of 75 to 
1200 for both ionisation modes with settings of AGC target and resolution as Balanced (1E6) and 
High (50,000) respectively. 


Mass calibration was performed for both positive and negative ESI polarities before the analysis 
using the standard Thermo Calmix solution (Thermo Fisher Scientific, Bremen, Germany) with 
additional coverage of the lower mass range with signals at m/z 83.0604 (2xACN+H) for the positive 
and m/z 91.0037 (2xHCOO’) for the negative modes respectively. The resulting data were recorded 
using the XCalibur 2.1.0 software package (Thermo Fisher Scientific, Bremen, Germany). 


MS? analysis of lipids was carried out on an LTQ Orbitrap using the ACE silica gel column. 
Instrument settings were as for the Exactive instrument except that the instrument was operated in 
negative ion mode alone. The PC lipids of interest were analysed in negative ion mode by setting the 
source collision energy to 35V to remove formic acid and methyl from the formic acid adducts of the 
molecular ions”? and then carrying of MS? with a collision energy of 35V using the LTQ ion trap as 
the detector. 


Data Extraction and Analysis 

Data extraction for each of the samples was carried out by MZmine-2.10 software*°*!. The extracted 
ions, with their corresponding m/z values and retention times, were pasted into an Excel macro of the 
most common metabolites prepared in-house to facilitate identification, and a library search was also 
carried out against accurate mass data of the metabolites in the Human Metabolome, KEGG, and 
Metlin databases. The lists of the metabolites obtained from these searches were then carefully 
evaluated manually by considering the quality of their peaks and their retention time match with to 
the standard metabolite mixtures run in the same sequence. 


Statistical analyses were performed using both univariate and multivariate approaches. The p-values 
from univariate analysis were adjusted using the Bonferroni correction and differences in the levels 
(or peak areas) of the metabolites between treated and control cells were considered significant at 
p<0.05. SIMCA-P software version 14.0 (Umetrics, Crewe, UK) was used for unsupervised 
multivariate analysis of the metabolite data with Pareto scaling prior to principal component (PCA) 
and hierarchical clustering (HCA) analyses. 
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Results 

The effects of melittin on the lipid composition of ovarian cancer cells (A2780 and A2780CR) were 
assessed using LCMS and LCMS? based lipidomics. Differences in the levels of lipids induced by 
exposure to melittin at concentrations corresponding to ICso with respect to each cell line were 
assessed. 


Multivariate (PCA and OPLS-DA) analyses were used to classify the metabolic phenotypes and 
identify the differentiating lipids. A clear separation of melittin-treated A2780 and A2780CR cells, 
and their respective untreated controls, was achieved indicating unique lipid profiles for the treated 
and control cells with PCA and OPLS-DA models (Figure | A and B, respectively). 


Pooled quality control (QC) samples were injected in the analysis run in order to quantify the 
precision of the measurements (Figure 1A). The PCA model parameters were: 4 components, R2X 
(cum) =0.984; Q2 (cum) = 0.967. The OPLS-DA model parameters and validation of the plot 
suggested a strong model (R2X (cum) 0.984, R2Y (cum) 0.994, Q2 (cum) 0.984), three 
components), and the CV-ANOVA for this model was 3.29E-16. Hierarchical clustering analysis of 
metabolomics data showed distinct separation between the control and treated samples (Figure 2). 


There was a very clear separation of the treated versus untreated A2780CR cells obtained by using 
OPLS-DA model based on the significant metabolites (Figure 3 A). The OPLS-DA model 
parameters and validation of the plot suggested a strong model (2 components, R2X (cum) = 0.844, 
R2Y (cum) = 1, Q2 (cum) = 0.988, CV-ANOVA= 1.47E-5). Model validity was verified using 
permutation tests and receiver operating characteristic (ROC) analysis (Figure S 1, supplementary). 


The AUC for a ROC classification is regarded as excellent when AUC > 0.9. The OPLS-DA model 
classified the treated and untreated A2780 cells into two groups, and the AUC of the ROC for the 
groups were excellent to perfect classification. 


In case of the A2780 cells, OPLS-DA models were also generated by comparing control and treated 
samples based on the significant metabolites (Figure 3 B). The model parameters and validation of 
the plot suggested a strong model (R2X (cum) = 0.955, R2Y (cum) = 1, Q2 (cum) = 0.998), two 
components), and the CV-ANOVA for this model was 4.01E-5. Furthermore, the validity of the 
ROC and permutation test showed the constructed OPLS-DA model was positive and valid (Figure S 
2, supplementary). 


For univariate statistical analysis of candidate specific biomarkers in OCC’s after exposure to the 
combinations, the false discovery rate (FDR) was used to reduce the probability of false positive 
results. There were important differences in lipid composition between the two cell lines before and 
after treatment with melittin. Changes in various classes of lipids, especially glycerophosphocholines 
(GPC), glycerophosphoethanolamines (GPE), sphingomyelins, glycerophosphoglycerols (GPG), 
glycerophosphoinositols (GPI) and glycerophosphoserines (GPS). A list of the putative lipid 
metabolites is shown in Table 1. 


Table 2 and 3 shows a heat map of phosphocholines, phoethanolamines, phosphoinositols, 
sphingolipid, phosphoglycerols, phosphoserines and diradylglycerols, which are the top 67 lipids by 
intensity extracted from the A2780 cells in comparison with A2780CR cells. It is clear that the 
A2780 cell line generally contains more lipids than the A2780CR cell line. The really marked 
differences between the two cell lines are in several sphingolipids such as dehydrosphinganine and 
lactosylceramide, and in some ether lipids such as PC36:3, PC36:4, PC38:4 and PC38:6, all of which 
are lower in the resistant cells. 


The level of GPE such as PE38:5 was also found in higher abundance in A2780 cell lines. The 
differences in lipid composition of the two cell lines suggest that either re-modelling of the cell 
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membrane might have occurred in order for the A2780CR cells to become resistant, or there is 
decreased biosynthesis and/or increased utilisation of lipids in cisplatin resistant cells as has been 
suggested by others*?. 


Melittin appears to have some effect on lipid composition in the A2780 cells with the levels of the 
abundant lipid PC34:1 decreasing, but the effect on this lipid in the A2780CR cells is less marked. 
Moreover, it was found that treatment of the ovarian cancer cell lines with melittin caused a decrease 
in PE lipids such as PE34:1 and PE34:2. 


Overall there are many changes in lipid abundance in response to melittin but they are generally 
quite small and restricted to the less abundant lipids. The decrease in the lipids induced by treatment 
with melittin is less in the case of the A2780CR cells suggesting less membrane damage in the case 
of these cells. 


Figure 1. (A) PCA vs (B) OPLS-DA. PCA and OPLS-DA scores plot generated from PCA and 
OPLS-DA using LC-MS normalized data of cells after exposure to melittin and controls of A2780 
and A2780CR cell lines. LMS circles: A2780-treated cells; LCS circles: untreated A2780 cells; LMR 
circles: A2780CR-treated cells; LCR circles: untreated A2780CR. P circles: Quality control (QC) 
samples. 


a =z 
v uo 


Calculated with ward and sorted by size. 


Figure 2. Hierarchical clustering analysis (HCA) of 16 ovarian cancer cell samples. It shows two 
main groups and four subgroups. The groups: LCR, control of cisplatin resistance cell lines; LMR: 
A2780CR after treatment with melittin; LCS, control of cisplatin sensitive cell lines; LCS, A2780 
after treatment with melittin. 
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Figure 3. OPLS-DA score plot of (A) A2780CR cell lines before and after treatment with melittin; (B) 
A2780 cell lines before and after treatment with melittin. 


Table 1. Differences in the lipids between A2780 cells and A2780CR cells before and after melittin 


treatment. 
m/z Rt Lipid Name S/R LMS/LMR LMR/R LMS/S 
(min) P Ratio P Ratio P Ratio P Ratio 
value value value value 
Sphingolipid (Phosphosphingolipids; Sphingomyelins) 
703.575 | 14.5 | SM (d18:1/16:0) <0.001 | 1.875 | <0.01 | 1.723 ns 1.048 ns 0.963 


729.590 | 14.4 | SM (d18:1/18:1(9Z)) | <0.001 | 2.756 | <0.001 | 2.587 ns 1.126 ns 1.057 
731.606 | 14.5 | SM (d18:0/18:1(9Z)) | <0.001 | 2.969 | <0.001 | 3.069 ns 1.067 ns 1.103 
785.652 | 14.4 | SM (d18:1/22:1(13Z)) | <0.001 | 3.042 | <0.001 | 3.099 ns 1.090 ns 1.110 
787.668 | 14.4 | SM (d18:1/22:0) <0.001 | 3.650 | <0.001 | 3.702 ns 1.049 ns 1.064 
813.684 | 14.4 | SM(d18:1/24:1(15Z)) | <0.001 | 1.842 | <0.01 | 1.706 ns 1.068 ns 0.989 
Sphingolipid (Sphingoid bases) 
300.289 | 10.4 | 3-dehydrosphinganine | <0.001 | 6.209 | <0.001 | 6.634 | <0.01 0.616 | <0.01 | 0.659 
(3-ketosphinganine) 
Sphingolipid (Neutral glycosphingolipids) 
862.624 | 3.1 | LacCer(d18:1/16:0) <0.001 | 5.109 | <0.001 | 3.788 ns 1.163 ns 0.862 
Sphingolipid (Acidic glycosphingolipids) 
852.587 | 13.8 | (3'-sulfo)Galbeta- <0.001 | 0.446 | <0.01 | 0.358 ns 0.781 ns 0.626 
Cer(d18:0/20:0(20H)) 
Glycerophosphoinositols 


887.564 | 3.6 | PI38:3 <0.001 | 2.321 | <0.001 | 3.662 ns 0.963 | <0.01 | 1.520 
883.535 | 3.5 | PI38:5 <0.001 | 2.469 | <0.001 | 1.603 | <0.01 1.727 ns 1.121 
835.534 | 3.8 | PI34:1 <0.001 | 1.751 | <0.001 | 1.449 | <0.01 1.977 | <0.00 | 1.635 
1 

861.550 | 3.7 | PI36:0 ns 1.026 ns 0.846 | <0.01 1.750 | <0.01 | 1.444 
887.563 | 3.5 | PI38:4 <0.05 | 1.169 ns 0.948 | <0.01 1.386 | <0.05 | 1.124 
Glycerophosphocholines 

706.538 | 14.1 | PC30:0 <0.05 | 1.307 ns 1.063 | <0.01 | 0.605 | <0.01 | 0.492 
704.523 | 13.9 | PC30:1 <0.001 | 2.664 | <0.001 | 3.037 | <0.01 | 0.472 | <0.01 | 0.538 
720.555 | 14.0 | PC31:0 <0.05 | 1.240 ns 0.805 ns 1.154 | <0.05 | 0.749 
732.553 | 14.0 | PC32:1 <0.01 | 1.874 | <0.001 | 1.756 | <0.05 | 0.594 | <0.01 | 0.557 
734.569 | 14.0 | PC32:0 <0.01 | 1.438 ns 1.100 ns 0.793 | <0.01 | 0.606 
730.538 | 13.9 | PC32:2 <0.001 | 3.790 | <0.001 | 4.606 | <0.01 | 0.578 | <0.01 | 0.703 
758.569 | 13.9 | PC34:2 <0.01 | 1.584 | <0.001 | 1.677 | <0.01 | 0.687 | <0.05 | 0.728 
746.605 | 14.1 | PC34:0 <0.001 | 3.280 | <0.001 | 2.954 ns 0.820 | <0.01 | 0.738 
760.584 | 13.9 | PC34:1 <0.05 | 1.360 ns 1.054 ns 0.824 | <0.01 | 0.639 
786.600 | 13.9 | PC36:2 ns 1.097 ns 0.972 ns 0.846 | <0.05 | 0.749 
788.615 | 13.9 | PC36:1 ns 0.994 | <0.01 | 0.584 ns 1.111 | <0.01 | 0.653 
784.584 | 13.8 | PC36:3 <0.01 | 1.580 | <0.01 | 1.296 ns 0.930 | <0.05 | 0.763 
782.567 | 13.7 | PC36:4 <0.01 | 1.763 | <0.05 | 1.387 ns 1.204 ns 0.948 
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808.583 | 13.7. | PC38:5 <0.05 | 1.636 | <0.05 | 1.411 ns 1.299 ns 1.120 
810.599 | 13.7. | PC38:4 <0.01 | 1.882 ns 0.925 | <0.05 1.840 ns 0.905 
772.585 | 13.9 | PC35:2 <0.05 | 1.408 | <0.05 | 1.453 ns 0.902 ns 0.930 
814.631 | 13.9 | PC38:2 <0.01 | 0.666 | <0.05 | 0.493 ns 0.810 | <0.01 | 0.600 
774.600 | 13.9 | PC35:1 ns 1.242 ns 0.868 ns 1.205 ns 0.842 
838.631 | 13.7 | PC40:4 <0.01 | 1.783 ns 0.808 ns 1.387 | <0.05 | 0.629 
840.647 | 13.8 | PC40:3 ns 1.195 ns 0.862 ns 0.791 | <0.01 | 0.571 
842.662 | 13.8 | PC40:2 <0.001 | 0.573 | <0.01 | 0.430 | <0.01 0.661 | <0.01 | 0.496 
Glycerophosphocholines 
756.552 | 13.9 | PC34:3 <0.001 | 2.162 | <0.001 | 2.326 | <0.05 0.758 | <0.01 | 0.815 
716.559 | 13.9 | PC32:1 <0.001 | 2.373 | <0.01 | 1.908 ns 1.413 | <0.01 | 1.136 
754.537 | 13.9 | PC34:4 <0.001 | 1.921 | <0.001 | 2.297 | <0.01 0.667 | <0.01 | 0.798 
496.339 | 15.0 | LysoPC 16:0 ns 1.050 | <0.001 | 0.258 | <0.001 | 5.991 | <0.05 | 1.471 
524.371 | 14.8 | LysoPC 18:0 ns 0.847 | <0.001 | 0.173 | <0.01 | 13.157 | <0.01 | 2.695 
PC ether lipids 
744.590 | 13.9 | PC34:1 ether lipid <0.001 | 1.881 | <0.001 | 1.492 ns 1.188 ns 0.942 
794.605 | 13.8 | PC38:5 ether lipid <0.001 | 3.578 | <0.001 | 2.011 | <0.01 2.115 ns 1.188 
796.620 | 13.8 | PC38:4 ether lipid <0.001 | 5.719 | <0.001 | 3.027 | <0.05 1.730 ns 0.916 
770.605 | 13.9 | PC36:2 ether lipid <0.001 | 2.704 | <0.01 | 1.585 ns 1.070 | <0.01 | 0.627 
692.558 | 14.2 | PC30:2 ether lipid <0.001 | 3.447 | <0.001 | 2.796 | <0.01 0.767 | <0.01 | 0.622 
772.621 | 14.0 | PC36:1 ether lipid <0.001 | 2.081 | <0.01 | 1.701 ns 0.975 ns 0.797 
774.636 | 14.1 | PC36:0 ether lipid <0.001 | 3.398 | <0.001 | 3.110 | <0.05 0.758 | <0.01 | 0.694 
720.589 | 14.2 | PC32:2 ether lipid <0.001 | 4.623 | <0.001 | 5.498 | <0.05 0.689 ns 0.820 
718.574 | 14.1 | PC32:0 ether lipid <0.001 | 3.311 | <0.001 | 2.353 ns 1.167 ns 0.829 
768.588 | 13.8 | PC36:3 ether lipid <0.001 | 4.563 | <0.001 | 2.746 | <0.05 1.621 ns 0.975 
766.574 | 13.7 | PC36:4 ether lipid <0.001 | 2.545 ns 1.236 | <0.01 3.083 | <0.01 | 1.497 
792.589 | 13.7 | PC38:6 ether lipid <0.01 | 2.357 ns 1.269 | <0.05 1.908 ns 1.027 
PE ether lipids 
744.553 | 10.1 | PE36:2 ether lipid ns 0.892 ns 0.824 | <0.05 0.746 | <0.05 | 0.689 
750.542 | 9.6 | PE38:4 ether lipid <0.01 | 1.779 | <0.001 | 1.571 ns 1.044 ns 0.922 
724.527 | 9.7 | PE36:5 ether lipid <0.05 | 1.510 ns 1.107 | <0.05 1.407 ns 1.032 
746.569 | 10.2 | PE34:1 ether lipid <0.01 | 0.688 | <0.01 | 0.586 ns 0.777 | <0.01 | 0.662 
Glycerophosphoethanolamines 
768.552 | 9.7 | PE38:4 <0.001 | 1.871 | <0.001 | 1.484 | <0.01 1.414 ns 1.122 
752.558 | 9.6 | PE38:5 <0.001 | 3.199 | <0.001 | 2.291 | <0.05 1.313 ns 0.940 
718.538 | 10.3 | PE34:1 ns 1.139 ns 1.077 | <0.01 0.610 | <0.01 | 0.577 
716.522 | 10.2 | PE 34:2 <0.001 | 1.652 | <0.001 | 1.861 | <0.01 0.543 | <0.01 | 0.612 
676.528 | 10.3 | PE 32:0 <0.001 | 6.850 | <0.001 | 29.35 ns 0.714 | <0.00 | 3.062 
1 1 
704.557 | 10.3 | PE 34:3 <0.001 | 3.619 | <0.001 | 9.955 ns 0.836 | <0.00 | 2.299 
1 
Glycerophosphoglycerols 
721.503 | 3.7. | PG32:0 <0.001 | 114.5 | <0.001 | 49.98 ns 3.227 | <0.05 | 1.408 
89 8 
775.549 | 3.7 | PG36:1 <0.001 | 3.688 | <0.01 | 1.573 ns 0.989 | <0.01 | 0.422 
773.534 | 3.5 | PG36:2 <0.001 | 9.482 | <0.05 | 2.057 | <0.05 1.782 | <0.01 | 0.387 
Glycerophosphoserines 
804.575 | 14.0 | PS37:0 ns 0.965 ns 1.111 ns 1.144 | <0.01 | 1.317 
Diacylglycerols 
603.535 | 3.7. | DAG 34:3 <0.001 | 0.862 | <0.01 | 1.290 | <0.001 | 0.542 | <0.01 | 0.812 
PC (Phosphatidylcholine); PE (Phosphatidylethanolamine); PI (Phosphatidylinositol); PG (Phosphatidylglycerol); PS 
(Phosphatidylserine); DAG (Diacylglycerol); SM (Sphingomyelin); S (A2780 cells); R (A2780CR cells); LMS 
(melittin treated A2780 cells); LMR (melittin treated A2780CR cells). 
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Table 2. Heat Map showing the relative abundance of phosphocholine lipids in A2780 (S), 
A2780CR (R) and melittin treated (LMS and LMR) cells. Red < 2 x 10°, Yellow > 1x 10°, 
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Green > 1x 107. 


m/z | Rt(min) | Lipid Name ia ig ce Ses 
706.538 14.1 | PC30:0 
704.522 13.9 | PC30:1 
720.555 14.0 | PC31:0 a 
732.553 13.9 | PC32:1 
734.569 14.0 | PC32:0 
730.538 13.9 | PC32:2 
758.569 13.8 | PC34:2 
746.605 14.1 | PC34:0 
760.584 13.9 | PC34:1 
786.600 13.9 | PC36:2 
788.615 13.9 | PC36:1 
784.584 13.8 | PC36:3 
782.567 13.7 | PC36:4 
808.583 13.7. | PC38:5 
810.599 13.7 | PC38:4 
772.585 13.8 | PC35:2 
814.631 13.8 | PC38:2 
774.600 13.9 | PC35:1 
838.631 13.7 | PC40:4 
840.647 13.8 | PC40:3 
842.662 13.8 | PC40:2 
756.552 13.8 | PC34:3 
716.558 13.9 | PC32:1 
754.536 13.9 | PC34:4 
496.339 15.0 | LysoPC16:0 
524.370 14.9 | LysoPC18:0 
766.573 13.7 | PC36:4 ether lipid 
744.590 13.9 | PC34:1 ether lipid 
794.605 13.8 | PC38:5 ether lipid 
796.620 13.8 | PC38:4 ether lipid 
710.605 13.9 | PC36:2 ether lipid 
692.558 14.2 | PC30:2 ether lipid 
772.620 14.0 | PC36:1 ether lipid 
774.636 14.1 | PC36:0 ether lipid 
720.589 14.2 PC32:2 ether lipid 
718.574 14.1 PC32:0 ether lipid 
768.588 13.8 | PC36:3 ether lipid 
792.589 13.7 | PC38:6 ether lipid Ez 
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Table 3. Heat Map showing the relative abundance of various types of lipid in A2780 (S), 
A2780CR (R) and melittin treated (LMS and LMR) cells. Red < 2 x 10°, Yellow > 1x 10°, 


Green > 1x 107. 


m/z Rt(min) Lipid Name 

703.574 14.5. | SM (d18:1/16:0) 

729.590 14.4 | SM(d18:1/18:1(9Z)) 

731.605 14.5. | SM(d18:0/18:1(9Z)) 

785.652 14.4 | SM(d18:1/22:1(13Z)) 

787.668 14.4 | SM(d18:1/22:0) 

813.683 14.3. | SM(d18:1/24:1(15Z)) 

300.289 10.4 | 3-dehydrosphinganine 

862.624 3.1 LacCer(d18:1/16:0) 

852.587 13.8 (3'-sulfo) | Galbeta-Cer 
(d18:0/20:0(20H)) 

768.552 9.7 PE38:4 

752.558 9.6 PE38:5 

718.538 10.3. | PE34:1 

716.522 10.2. | PE 34:2 

676.527 10.3. | PE 32:0 

704.557 10.3. | PE 34:3 

744.553 10.1. | PE36:2 ether lipid 

750.542 9.6 PE38:4 ether lipid 

724.527 oy PE36:5 ether lipid 

746.569 10.2 | PE34:1 ether lipid 

887.564 a0 PI38:3 

883.534 SF) PI38:5 

835.534 3.8 PI34:1 

861.550 aa PI36:0 

887.563 a5 PI38:4 

721.503 3.7 PG 32:0 

775.549 a4 PG 36:1 

773.534 a3 PG 36:2 

804.575 13.9 | PS37:0 

603.534 3.7 DAG 34:3 


MS/MS experiments are used to further identify lipid species or to screen for individual lipid classes. 
In the case of phosphocholine lipids, in order to avoid the spectrum being dominated by the 
phosphocholine head group the following method is used. When formate is used in the mobile phase 
the molecular ions of the negatively charged PC lipids appear as their negatively charged formate 
adducts. In order to promote the formation of negatively charge ions derived from the acyl chains 
attached to the glycerol backbone an in source fragmentation energy is applied in negative ion mode. 
The source fragmentation results in the loss of the formic acid and one of the methyl groups from the 
choline moiety thus removing the fixed positive charge from the choline head group. The resulting 
ion is then subjected to further fragmentation by MS/MS or MS? in the mass spectrometer. Using this 
method the fatty acids substituted onto the glycerol backbone are observed as their negatively 
charged ions. LysoPCs are the phosphocholines that have lost one of the two O-acyl chains, and they 
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generally have molecular masses in the range of 400—650°. Figure 4 shows the MS? spectrum of 
Lysophosphatidylcholines (16:0) and (18:0) in negative ion mode. In this case the MS? spectrum is 
indicative of the palmitic acid and oleic acid within the structure with prominent ions at m/z 255 and 
283, respectively. Figure 5 shows the MS? spectrum of 18:1/ 18:1 PC in negative ion mode. In this 
case the MS? spectrum is indicative of the acyl groups within the structure with prominent ions at 
m/z 281 due to the acyl ion Ci7H33COO and at m/z 506 which result from the loss of CigsH3302 from 
the [M-CHs3] ion at m/z 770. In contrast, in positive ion mode the main fragment ion produced is at 
m/z 184 due to the phosphocholine head group (Figure 6). The PC ether lipids gave diagnostic 
fragments in MS? in negative ion mode. MS? in negative ion mode was used to characterise of PC 
ether lipids 36:4 and 36:3 as shown in Figure 7. 


From the information shown in Figure 7 it is apparent that these two lipids both have and an alkyl 
chain C16:1 and acyl substitutions of C20:4 and C20:5 respectively. The spectra have a common ion 
at m/z 466 due to neutral loss of the acyl chains from the [M-CH3] ion. Levels of the 36:4 and 36:3 
ether lipids are lower in the resistant cells. 


A lactosyl ceramide lipid is lower in the resistant cells. From previous work product ion analysis of 
the (M+H)* ions of ceramides reveals cleavage of the amide bond and dehydration of the sphingoid 
base to form highly abundant, structurally specific O” fragment ions**. These product ions yield 
information regarding the number of carbon atoms in the chain, degree of hydroxylation, 
unsaturation, or other structural modifications of the long-chain base (e.g., sphingosine, m/z 264; and 
sphinganine, m/z 266). With this knowledge about the sphingoid base composition and the original 
precursor m/z, the identity of the fatty acids can be deduced. The lipids were at low levels and the 
clearest result was obtained by using source induced dissociation (SID). Using ESI-SID in positive 
mode product ions at m/z 264 and m/z 266 can be used to identify the sphingosine and sphinganine, 
respectively (Figure 8). 


= 4 Chemical Formula: C,gH3;0. 
OH Exact Mass: 255.23 
Chemical Formula: CgHgNO5P" 
Exact Mass: 240.10 


ie} 


arose 


fo} 9 
en ae 
we "7 a a 
xe) = A Chemical Formula: C,sH50,° 
OH 


Exact Mass: 283.26 


Chemical Formula: CgH, NOP" 
Exact Mass: 240.10 


Figure 4. MS? spectra of (A) LysoPC 16:0 and (B) LysoPC 18:0 lipid at 35 V following 
application of a source fragmentation energy of 35 V. 
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Figure 5. MS? spectra of 18:1/18:1 PC lipid at 35 V following application of a source 
fragmentation energy of 35 V. 
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Figure 6. Fragmentation of PC lipids in positive ion mode resulting in m/z 184 due to the 
phosphocholine head group. 
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Figure 7. MS? spectra of PC ether lipids 36:4 and 36:3 indicate that they are acylated with 20:5 


and 20:4 chains respectively. 
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Chemical Formula: C)gH34N* 
Exact Mass: 264.27 
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Chemical Formula: C,H390 3g 
Exact Mass: 238. 


Figure 8. Source induced dissociation spectrum of lactosylceramide (d18:1/16:0) lipid at 35 V. 


Figure 9 shows the MS? spectrum of 18:0/20:4 PE in negative ion mode. In this case the MS? 
spectrum is indicative of the acyl groups which appear as negatively charged fatty acids at m/z 303 
due to Cj9H3;COO and at m/z 283 due to C17H3sCOO’. In the example shown in figure 9 we can also 
see that there are additional minor fatty acids attached and thus the peak is a mixture of several 
isomers with different fatty acid chain lengths. 
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Figure 9. MS? spectra of 18:0/20:4 PE lipid. 


Discussion 

In order to evaluate alterations in the phospholipid profile of human ovarian cancer cells following 
melittin treatment, mass spectrometry was used to characterise the lipid profiles of A2780 (cisplatin- 
sensitive) and A2780CR (cisplatin-resistant) cell lines in response to their exposure to melittin. 
Because of mass spectrometry, we now have much greater access to detailed information concerning 
cellular lipid composition. ESI-MS has been shown to have an essential role in the characterization, 
identification, and quantification of lipids!*>°. Recently, mass spectrometry has been used to 
determine whether lysophospholipids are useful markers for diagnosis and/or prognosis of ovarian 
cancer in plasma samples!*. We have found phosphatidylcholine was the most abundant class lipid 
class in ovarian cancer cells, followed by phosphatidylethanolamine, phosphatidylinositol, 
phosphoglycerols, sphingomyelins and phosphoserines. We have also detected a variety of lyso-and 
ether-linked derivatives of PC and PE. 


There are some significant differences in the lipid composition between A2780 and A2780CR cells. 
The levels of phosphocholine lipids were higher in A2780 cells in comparison to the A2780CR cells. 
Previous studies also show that an increase in the levels glycerophospholipids could be a signature of 
ovarian cancer!*!5, Other studies show that an increase of the level of glycerophosphocholine is the 
most common feature in a large variety of tumours demonstrating biosynthetic and/or catabolic 
phosphatidylcholine-cycle pathways of cell membrane turnover**?’, Following treatment with 
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melittin, lipids were significantly altered in both A2780 and A2780CR cells. The effect on lipids is 
much more marked in that case of the sensitive cells and suggests that the sensitive cells undergo 
much more extensive membrane re-modelling in response to melittin in comparison with the 
resistant cells. However, the level of certain species of PC ether lipids were higher in the A2780 
cells. For example, PC ether lipids 36:4 and 36:3 were elevated in these cells. The MS? spectra of 
these two lipids (Figure 7) indicate that they are acylated with 20:5 and 20:4 chains respectively. 
The levels of lyso PCs are also elevated in both cells after exposure to melittin. For example, LPC 
16:0 and LPC 18:0 were markedly increased in A2780CR cells following melittin exposure. 
Fragmentation patterns of these two lipids (Figure 4) indicate of the palmitic acid and oleic acid as 
the acyl chains. There were no significant differences in those lyso PCs lipid compositions in the 
untreated A2780 and A2780CR cells. In a previous study it was found that the levels of 
lysophosphatidic acids were increased in the plasma of ovarian and other gynecologic cancer patients 
as compared with healthy controls!®. 


Moreover, lysophosphatidic acid (LPA) and _ other lysophospholipids (LPL) such as 
lysophosphatidylinositol were found useful markers for diagnosis and/or prognosis of ovarian cancer 
in comparison with healthy control setting'*. Lyso PC lipids are recycled back into PC lipids via the 
Land’s cycle. The Lands cycle allows remodelling of acyl chains enabling modification of the fatty 
acid composition of phospholipids that derive from the Kennedy pathway**. The process involves 
alteration of the fatty acyl composition at the sn-2-position of PC resulting in generation of varied PC 
species with unique fatty acids, each with a different carbon chain length and degree of 
saturation?’“°*!, Thus our observations suggest that sensitive cells incorporate LPCs into their 
membranes faster than the resistant cells and thus remodel their membrane more quickly. 


Phosphatidylethanolamine (PE) is a phospholipid found in all living organisms. Most biological 
membranes are made up of PE together with phosphatidylcholine (PC), phosphatidylserine (PS) and 
phosphatidylinositol (PI). The levels of several phosphatidylethanolamines such as PE 38:4, PE 38:5, 
PE 32:0 and PE 34:3 were higher in sensitive cells in comparison to the resistant cells. Furthermore, 
higher phosphatidylethanolamine and phosphatidylcholine levels in A2780 cells suggest increases in 
the de novo synthesis of these GPLs**. Our findings are resemble those from a previous study in 
which the level of glycerophospholipids were increased as a signature of ovarian cancer!*-4, 
Phosphatidylethanolamine can provide a substrate for phosphatidylcholines, whose extreme 
elevation has previously been observed in ovarian carcinomas!*!>, There may be a connection 
between alteration in GPLs and the part they play in membrane integrity and transduction of 
mitogenic signals”’. 


Furthermore, an association has been seen between an increase in phosphatidylinositol and 
deregulation of the phosphoinositide-3 kinase (PI3K) pathway, which leads in its turn to 
carcinogenesis and angiogenesis'°. Phosphoethanolamine, is a substrate for many cell membrane 
phospholipids that has recently been shown to induce both cell cycle arrest and apoptosis in cancer 
cells*?*, Here, intracellular phosphoethanolamine levels for PE 34:1 and PE 34:2 were decreased in 
both cell lines after exposure to melittin. In contrast, the level of some PE lipids such as PE 32:0 and 
PE 34:3 were found increased in A2780 following melittin treatment. Moreover, the levels of PE 
38:4 and PE 38:5 were increased in A2780CR cells. This effect could be indicative of increased 
phospholipid membrane turnover or an apoptotic response to the increasing stress levels. 


Several sphingomyelin (SM) lipids are higher in the A2780 cells in comparison to the A2780CR 
cells. This differs from previous reports of increased ceramide lipids, particularly glucosylceramides 
and galactosylceramides, in multidrug resistant ovarian cancer cells* and breast cancer cells**. 
However, in these previous studies ceramides or glycosylceramides were measured rather than 
sphingomyelin lipids. Another study showed increases of dihydroceramide, ceramide, 
sphingomyelin, lactosylceramide, and ganglioside species in ovarian cancer (A2780) cells that had 
been exposed to synthetic retinoids*’. In common with Veldman et al.*°, we have seen that resistant 
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cells contained lower levels of lactosylceramide. Lactosylceramide was characterized by 
identification of the ions obtained by MS? (Figure 8). 


That many lipids are present in lower levels in resistant cells, and especially lipids whose function 
includes promotion of membrane stability, indicates the possibility that resistance to cisplatin is 
unconventional in this cell line. Cisplatin is a polar drug which crosses cell membranes through the 
action of organic cation transporters (several of which have been identified) and not by passive 
diffusion**. Thus it is possible that cisplatin resistance could be mediated through mechanisms other 
than augmentation of membrane lipids. This possibility is supported by two of our findings which 
suggest that melittin, an agent known to destabilise cell membranes, was more active on the cisplatin 
resistant compared to cisplatin sensitive cells, and that polyamines were higher in the sensitive cells 
as described previously”’’. Both observations further illustrate the fact that the A2780 cell line may 
have a more stable cell membrane. Following treatment with melittin, lipids were significantly 
altered in both A2780 and A2780CR cells. The observed effect was much more marked in the 
cisplatin-sensitive cells, suggesting that the latter undergo much more extensive membrane re- 
modelling in response to melittin in comparison with the resistant cells. 


Conclusions 

Lastly, it will be important to investigate the lipid metabolism as modulators of cell membrane 
integrity. This study shows that the cisplatin sensitive A2780 cells contain relatively higher levels of 
sphingolipid and phosphocholine ether lipids which might result in increased membrane stability and 
repair and thus resistance to the lytic action of melittin in comparison with the cisplatin resistant 
A2780CR cells. After exposure to melittin, the levels of most of the significantly affected lipid 
metabolites, particularly phosphocholines (e.g. PC34:0, PC34:1, PC36:1, PC36:2, PC36:3, PC40:3, 
PC40:4), were lower in A2780 compared to A2780CR cells, suggesting different metabolic 
responses in the two cell lines. 


The higher levels of glycerophosphocholine in A2780 cells may be related to higher de novo lipid 
synthesis and re-direction of cellular metabolism. Given that melittin interacts with cell membranes, 
the observed effect of greater toxicity of melittin to the resistant cells might suggest that the 
membranes are less adaptable in the cisplatin resistant cells compared to the sensitive ones. Over all, 
this study shows that a LC-MS based metabolomics approach for the assessment of drug effects in 
vitro provides a powerful tool for obtaining insights into the mechanism of action of potential 
therapeutic agents, while offering the possibility to identify key metabolite markers for in vivo 
monitoring of tumour responsiveness to standard chemotherapy. Melittin might serve as a valuable 
adjuvant in cancer chemotherapy for overcoming chemoresistance. 


Supplementary Materials: Figure S 1, Model validity was verified using permutation tests and 
receiver operating characteristic (ROC) analysis. Figure S 2 showed the validity of the ROC and 
permutation test. 
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